Quantitative genetic methods have been used to examine selection responses in domesticated organisms but there are few cases of their application to predict changes in natural populations: there are, to our knowledge, no cases in which correlated responses to selection have been predicted. In the present paper we use quantitative genetic parameters estimated from a half-sib experiment to predict the changes expected in juvenile hormone esterase (JHE) activity in the Bermuda population of the wing dimorphic cricket, Gryllus ®rmus. JHE activity is genetically correlated with wing form in this cricket and hence changes in the proportion of macroptery (volant morph) are predicted to bring about a correlated response in JHE activity. The Bermuda population has a higher proportion of macropterous individuals (95%) compared to the stock (35%, originally from Florida) from which the heritabilities and correlations were estimated. The quantitative genetic analysis makes three predictions which were tested both qualitatively and quantitatively. In all cases the null hypothesis that the observed results correspond to those predicted cannot be rejected. As predicted, in the Bermuda population there is: (i) an increase in the population mean JHE activity; (ii) a leftwards shift in the curve relating the probability of microptery (¯ightless morph) to JHE activity; and (iii) a decrease in the mean JHE activity within each morph.
Introduction
Quantitative genetic methods have been used extensively in the selection of traits of domesticated animals and plants (Mather & Jinks, 1982; Falconer, 1989) . More recently these methods have been used to study the evolution of traits in natural populations (Ro, 1997; Lynch & Walsh, 1998) . Heritabilities and genetic correlations have been measured in a wide variety of nondomesticated animals (e.g. insects, ®sh, gastropods, amphibians, birds, mammals) both in the laboratory and in the wild (Mousseau & Ro, 1987; Ro, 1996; Weigensberg & Ro, 1996) . These studies have shown that there is sucient additive genetic variation for rapid response to natural selection, as has been observed in several species (Berthold et al., 1992; Grant & Grant, 1993; Berthold, 1995) . In the present paper we use estimates of genetic parameters obtained from a half-sib analysis in the laboratory to predict geographical covariation of two traits (juvenile hormone esterase and proportion of macroptery) among natural populations. Speci®cally we ask if a quantitative genetic model derived from one population can successfully predict the set of trait values in a geographically distinct population.
Gryllus ®rmus, the sand cricket, occurs on sandy areas along the eastern coast of North America from Florida as far north as Connecticut (Alexander, 1968; Harrison, 1985) , and on the island of Bermuda (Kevan, 1980) . This species is wing dimorphic: some individuals possess well developed wings and¯ight muscles and are capable of¯ight (macropterous) whereas others have reduced wings, highly reduced or nonexistent¯ight muscles and are¯ightless (micropterous: Ro, 1989; Zera et al., 1997) . Although there are only two phenotypes, wing dimorphism is polygenic, and can be understood using the threshold model of quantitative genetics (Ro, 1986 (Ro, , 1997 . According to this model the dimorphic trait is determined by a continuously distributed underlying trait, called the liability, and a threshold of sensitivity: if the liability lies below the threshold one morph is produced whereas the alternate morph is produced when the liability is above the threshold (two examples are shown in the top-left panel of Fig. 1 ). The liability can be viewed as a quantitative trait in the same manner as, say, body size and hence its genetic determination calculated in the same manner (although the statistical protocols have to be modi®ed to take into account that only two phenotypes are observed: see Ro, [1997] for a description of the methodology).
Physiologically the liability could be a single chemical or a complex of chemicals. Circulating chemicals, such as hormones, have been implicated in the production of dimorphic variation in several species, e.g. thyroxin in paedomorphosis (Gould, 1977; pp. 299±302) , and testosterone in colour variation in lizards (Hews et al., 1994) . Wing dimorphism was hypothesized to be a Fig. 1 Three predictions of the quantitative genetic model for the change in JHE activity (nmol of JH converted to JH acid per minute per mL of haemolymph) accompanying a change in proportion of macroptery in Gryllus ®rmus. Prediction 1, top row: an increase in proportion of macroptery is generated by a shift in the mean liability, which is accompanied by a smaller shift in the JHE activity. Prediction 2, middle row: The threshold value is not changed and hence the switch point on the liability scale remains unaltered. However, the curve relating the probability of microptery to JHE activity is shifted leftwards. The curves shown were each generated using the following parameter values: h M 2 0.50; h JHE 2 0.21; r G 0.28; r P 0.58; l JHE (at proportion of macroptery, P 0.35) 18; r JHE consequence of variation in the level of juvenile hormone (Southwood, 1961; Wigglesworth, 1961) . In the cricket Gryllus rubens the level of JH production between presumptive wing morphs does not dier but the activity of juvenile hormone esterase (JHE; the principal enzyme involved in degradation of JH in the haemolymph) is signi®cantly dierent, presumptive macropterous nymphs having a higher activity of JHE (and thus a lower concentration of JH) than presumptive micropterous nymphs in the ®nal instar (Zera et al., 1989; Zera & Tobe, 1990; Zera & Holtmeier, 1992 ). Similar variation in JHE level relative to wing morphology has been observed in G. ®rmus (Fairbairn & Yadlowski, 1997; Ro et al., 1997) . These observations are consistent with the hypothesis that the JHE activity plays an important role in the determination of adult wing morphology, and further suggest that JHE might be a signi®cant component of the liability. A genetic analysis of wing morphology and JHE in G. ®rmus showed that JHE cannot by itself by considered the liability (Ro et al., 1997) . Because JHE does not show a one-to-one mapping with the liability, JHE is best analysed as a character that is genetically correlated with the liability. A signi®cant genetic correlation between wing morph and JHE has been demonstrated in G. ®rmus from both pedigree analysis (Ro et al., 1997) and directional selection on the proportion of macroptery (Fairbairn & Yadlowski, 1997) .
The above analyses on G. ®rmus were made using a stock derived from a population in northern Florida. Field data indicate that the proportion of macroptery is higher in the Bermuda population than elsewhere (Kevan, 1980 ). This population is undoubtedly a result of colonization from the mainland, where populations surveyed show a lower proportion of macroptery (Veazey et al., 1976; Kevan, 1980; Ro, unpubl. data) . Thus selection in Bermuda has probably favoured an increase in proportion of macroptery. Alternatively, there may be no selection on macroptery in the Bermuda population and the present high proportion is a consequence of the initial colonizers being macropterous. In this case the initial colonizing event represents a single episode of directional selection.
An important test of the utility of the quantitative genetic analysis of the genetic architecture of wing morphology and JHE in describing the evolution of the two traits is whether it can accurately predict levels of JHE in the Bermuda population based on the observed dierence in proportion of macroptery. The genetic correlation between JHE and wing morph and the underlying physiological model for wing morph determination lead to the qualitative prediction that evolutionary changes in proportion of macroptery will be accompanied by (and, in fact, functionally determined by) changes in JHE activity. We test this hypothesis quantitatively using the threshold model of wing morph determination and estimates of genetic parameters obtained from the half-sib analysis of G. ®rmus from the Florida population.
Three predictions
Using quantitative genetic theory we develop three predicted dierences between the Florida and Bermuda stocks. These predictions are illustrated in Fig. 1 . It is important to note that in the following analyses we are not assuming that the Bermuda population was derived from the Florida population: the equations predict the dierence between the two populations using the Florida population as the reference population (this is mathematically equivalent to deriving the predictions for the two populations from some common ancestor and then simply comparing the two descendent populations).
Prediction 1: an increase in proportion of macroptery will be associated with an increase in the mean JHE activity.
The mean JHE activity associated with a given change in macroptery can be computed using the standard formulae for direct and correlated responses (Falconer, 1989) :
where R M is the direct response of selection on the proportion of macroptery (R M is measured on the underlying scale, the liability), i is the intensity of selection, h M 2 is the heritability of wing morph (strictly, this is the heritability of the continuously distributed underlying trait, the liability), r 2 M is the phenotypic variance, which by de®nition equals 1 (Ro, 1994) , CR JHE is the correlated response of JHE activity, r G is the additive genetic correlation between the liability of wing morph and JHE activity, h JHE is the square root of the heritability of JHE activity and r 2 JHE is the phenotypic variance of JHE activity. Rearranging the above to eliminate the intensity of selection gives
The predicted mean JHE activity equals the initial mean plus CR JHE . An increase in the proportion of macroptery requires a positive R M and thus, because all other terms in the above equation are positive, an increase in proportion of macroptery will be accompanied by an increase in the mean JHE activity (see top panels of Fig. 1 ). To determine the magnitude of the change expected, we used parameter values obtained from a half-sib experiment using the Florida stock (Ro et al., 1997) and a change in proportion of macroptery from 35% to 95%, which matches approximately the variation between the Florida and Bermuda stocks (see Results).
For the initial population (35%) the mean liability is arbitrarily set at 0 and the threshold, T, set at the value required to produce 35% macropterous individuals (0X35 I /x dx, where /(x) is the standard normal deviate, from which T 0.383). Because the initial mean liability is zero (by de®nition), R M is equal to the mean liability at the new proportion of macroptery. The mean liability, l M , required to produce 95% macroptery, is obtained by solving the equation
, from which we obtain R M 2.033. Substitution in eqn 3 gives a correlated change in JHE activity of 3.51 nmol of JH converted to JH acid per minute per mL of haemolymph (for simplicity we shall hereafter designate the units as nmols/min).
Prediction 2: an increase in proportion of macroptery will be associated with a shift to the left in the curve relating the probability of being micropterous to JHE activity.
Because of the threshold, the curve relating the probability of being micropterous to the liability is a 0,1 step function, independent of the distribution of the liability (middle-left panel of Fig. 1 ). However, for any given JHE activity both morphs are possible, with the probability of microptery decreasing as JHE activity increases (middle-right panel of Fig. 1 ). Furthermore, this curve does depend upon the distribution of the liability.
The values of liability and JHE activity for individuals can be speci®ed by the equations (Ro & Bradford, 1998) :
where: X i is the liability for the ith individual; Y i is the JHE activity for the ith individual; a x,i , a y,i , b x,i and b y,i are random standard normal values, N(0,1); l M is the mean liability; l JHE is the mean JHE activity; and r E is the environmental correlation, given by
where r P is the phenotypic correlation. For a given JHE activity the probability of an individual being micropterous is equal to the probability that the liability is less than the threshold (X i < T). This probability is decreased with an increase in macroptery by virtue of the increased value of the mean liability l M . Thus the probability curve should be shifted to the left of the original curve. We numerically estimated the curves relating JHE activity and probability of microptery by (i) generating 5000 individuals per population (macroptery 0.35 and 0.95) according to the above algorithm and (ii) ®tting a logistic model to these data (Fairbairn & Yadlowski, 1997 ). The logistic model was ®tted using maximum likelihood, with the parameter values tested using the estimated t-values. All coecients in the ®tted model were highly signi®cant (P < 0.00005). As predicted, the curve for the population consisting of 95% macropterous individuals is shifted to the left, the shift being very substantial ( Fig. 1) : thus, for example, when JHE activity 20 nmols/min and proportion of macroptery 0.35, the probability of being micropterous is 0.64, whereas when the proportion of macroptery 0.95 the probability is only 0.0004. There is a slight change in the slopes of the two curves, the regression equation being y À0X5836 0X12x 4X29op 0X04xopY where x is JHE activity measured as the residual from the overall mean, Pop is a dummy variable specifying the population ( 0 for 35% macroptery, 1 for 95% macroptery) and the probability of being micropterous is given by
Prediction 3: whereas an increase in the proportion of macroptery will be associated with an increase in the mean JHE activity (Prediction 1), the mean JHE activity within morphs will be decreased. Consider the above model; if X i exceeds T then the individual is macropterous. Thus to compute the mean JHE activity within the macropterous morph we must compute the expected value of Y i for the case X i > T. The components of Y i that have coecients a y,i and b y,i PREDICTING CORRELATED CHANGES 443 have expectations of zero and do not in¯uence the value of X i and hence can be dropped. The expected JHE activity among macropterous individuals is given by
and /(á) is the standard normal deviate. The mean value of JHE activity within the micropterous morph is determined by setting the limits of integration of the second integral from A¥ to f(a). Using the estimated parameter values the mean JHE activity within the macropterous morph changes from 23.8 nmols/min when the proportion of macroptery is 0.35, to 22.1 nmols/min when the proportion of macroptery is 0.95. Likewise the mean JHE activity within the micropterous morph changes from 14.8 nmols/min when the proportion of macroptery is 0.35, to 10.1 nmols/min when the proportion of macroptery is 0.95. Thus there is a greater change in the mean JHE activity within the micropterous morph (Fig. 1) . Unlike the previous two predictions in which the direction of change does not depend on the parameter estimates, in the present case the directions of the two responses are contingent on parameter values. To examine the robustness of the present predictions we selected 1000 combinations of parameter values assuming normal distributions with the means and standard errors from the half-sib experiment: h M 2 0.50, SE 0.12; h JHE 2 0.21, SE 0.10; r P 0.58, SE 0.03; r G 0.28, SE 0.44 (all sire estimates). The standard error for the genetic correlation is very large but the signi®cant correlated response of JHE activity with selection on proportion of macroptery observed by Fairbairn & Yadlowski (1997) demonstrated that there is a positive genetic correlation between JHE activity and the liability. Because of the latter observation we assumed that r G was positive, setting values less than 0.01 to 0.01. The mean change in JHE activity within morphs was 4.88 nmols/min (median 6.09 nmols/min) for the micropterous morph and 0.89 nmols/min (median 1.99 nmols/min) for the macropterous morph. In 84% of the combinations the mean JHE activity within the micropterous morph declined, whereas in the macropterous morph a decline occurred in 64% of cases. We conclude that a decline in mean JHE activity is more likely in the micropterous morph than in the macropterous morph.
Materials and methods
To test the above three predictions we compared the JHE activity of female G. ®rmus from two populations diering in proportion of macroptery, one from Bermuda and one from Florida. The Bermuda stock was derived from 95 (31 females, 36 males, 28 nymphs) G. ®rmus collected in August 1997. This stock was maintained at 30°C for approximately three generations before eggs were collected for the present experiment. The Florida stock was initiated from »20 females and 20 males collected from northern Florida in 1981.
For the present experiment crickets from each stock were raised under two environmental conditions: (i) 28°C and a photoperiod of 12 L:12D, which corresponds approximately to early or late summer conditions; (ii) 30°C and 14 L:10D, which corresponds to midsummer conditions (we hereafter refer to these two environments simply by their temperature). For each combination of population and environment 10 cages (4 L buckets) of 40 nymphs per cage were established and reared according to the husbandry methods detailed in Ro (1986) . Wing morph is correlated with JHE activity in the ®nal nymphal instar, although it is only in the adult that wing morphology can be visually determined (Fairbairn & Yadlowski, 1997) . Previous studies of G. ®rmus and G. rubens have shown that JHE activity reaches a peak in the middle of the ®nal instar, which corresponds to day 5 at 28°C (Zera & Tiebel, 1989; Fairbairn & Yadlowski, 1997) : because the peak may vary according to temperature, photoperiod or population we assayed JHE activity on days 3, 5 and 7 of the ®nal instar. JHE activity was assayed following the protocol described in Ro et al. (1997) . Males do not dier from females in mean JHE activity or the relationship between JHE activity and wing morph (Fairbairn & Yadlowski, 1997) . However, to eliminate any possible confounding in¯uence of sex we used only females for these analyses. A minimum of 21 females per population per day was assayed (21 < n < 54), with individuals being drawn in approximately equal numbers from each cage. After being bled to obtain a haemolymph sample, nymphs were raised individually until ®nal eclosion, at which time wing morph was scored. Haemolymph removal itself appears to increase the frequency of the micropterous morph (Fairbairn & Yadlowski, 1997) , and so the frequency of macroptery was obtained both from the group of bled individuals and from another experiment in which individuals were neither bled nor raised apart for the last few days of their development, but otherwise were treated in the same manner (obtained from S. Mostowy, unpubl. data).
Results

Is the proportion of macroptery higher in the Bermuda stock?
Each cage was treated as an individual datum by calculating for each the proportion of macroptery, which was then arcsine-square root transformed. As expected, the Bermuda population produced a higher frequency of macropterous females (85% at 28°C; 96% at 30°C) than the Florida stock (12% at 28°C; 46% at 30°C). A two-way ANOVA ANOVA indicated no environmentby-population interaction (F 1,36 2.87; P 0.099), but highly signi®cant eects of environment (F 1,36 14.40, P 0.001) and population (F 1,36 86.52, P < 0.0005). Results from the unbled animals gave similar results (Bermuda: 99% at 28°C; 93% at 30°C; Florida: 34% at 28°C; 40% at 30°C; S. Mostowy, unpubl. data). Bleeding the nymphs for the haemolymph has been shown to induce microptery in individuals that would otherwise moult into macropters when reared at 28°C (Fairbairn & Yadlowski, 1997) . We observed the same eect at 28°C (proportion of macroptery: 0.85 vs. 0.99, and 0.12 vs. 0.34) but not at 30°C (proportion of macroptery: 0.96 vs. 0.93 and 0.46 vs. 0.40).
Prediction 1: an increase in proportion of macroptery will be accompanied by an increase in the mean JHE activity Because JHE activity varied with age we analysed the data using residuals from the overall mean for each age and also using the standardized residuals, obtained by dividing the residuals by the standard deviation at each age (Fairbairn & Yadlowski, 1997) . The results were the same for both methods and we report here the analyses based on the residuals. Analyses were ®rst carried out with the data nested within cages: as there was no eect of cage the data were combined.
In accordance with the above prediction, the mean JHE activity at all ages was greater in the Bermuda than the Florida stock (Fig. 2) . A two-way ANOVA ANOVA on the residuals indicated no signi®cant interaction between environment and population (F 1,401 2.05, P 0.153), nor an eect of environment alone (F 1,401 < 0.0005, P 0.996). There was, however, a highly signi®cant eect of population (F 1,401 95.77, P < 0.0005).
The mean separation between the two populations was 7.8 nmols/min, which is signi®cantly larger (95% con®dence interval 6.3±9.3 nmols/min) than that predicted by the quantitative genetic model using the estimated parameter values (3.5 nmols/min). The preceding test does not take into account variation in the predicted value stemming from uncertainty in the parameter estimates. To estimate the 95% con®dence region for the prediction we used the 1000 combinations of parameter values described previously: these gave an interval of 0.12±15.6 nmols/min, which includes the observed value. The relatively large interval is primarily a consequence of the large con®dence region for the genetic correlation (see earlier). Because of the large con®dence interval the quantitative prediction of the model cannot be tested satisfactorily.
Prediction 2: the curve relating the probability of being micropterous to JHE activity will be shifted to the left Because of the apparent eect of bleeding on proportion of macroptery in the 28°C environment, we analysed the two environments separately. We ®rst analysed the data independently of the prediction and then compared the logistic regressions from the quantitative genetic model with those obtained from ®tting to the data.
The overall ®t of the logistic model was determined using the log likelihood ratio D 2(LL(k) A LL (0)), where LL(k) is the maximum log likelihood with k ®tted parameters ( 4) and LL (0) is the log likelihood value for the constants only model. The statistic D is distributed as a v 2 with k A 1 degrees of freedom (Dobson, 1983) . A signi®cant improvement in ®t of the model is shown by a signi®cant v 2 value. The signi®cance of the coecients was evaluated by computing the t-values based on the maximum likelihood estimates and estimated standard errors.
In both environments the logistic model gave a highly signi®cant ®t to the data (30°C, D 160, d.f. 3, P < 0.00005; 28°C, D 166, d.f. 3, P < 0.00005), but in neither case was the interaction term signi®cant (P > 0.2, in both environments). Both residual JHE and population were highly signi®cant (30°C, P < 0.00005 for both coecients; 28°C, P < 0.00005 for population and P 0.0003 for JHE residual). As predicted, the curves for the Bermuda population were shifted to the left of the Florida curves (Fig. 3) .
The null hypothesis of no dierence between the logistic regression obtained from the data and that predicted by the quantitative genetic model can be rejected if LL(k) A LL Model > v 2 /2, where LL(k) is as de®ned above, LL Model is the log likelihood obtained using the quantitative genetic model, and v 2 is the upper 0.05 point value of the chi-squared distribution with k d.f. (Cox & Hinkley, 1974) . The number of parameters in the present model is four, for which the critical v 2 value is 9.488 (the following conclusions remain the same if we consider only the three-parameter additive model). Thus values of LL(4) A LL Model that are less than 4.744 are not signi®cant. For the 30°C environment, LL(4) A LL Model 2.803, indicating that the dierence between the observed best ®t and the ®t of the quantitative genetic model was not signi®cant, as is evident from the predicted and observed curves (Fig. 3) .
For the 28°C environment it was necessary to take into account the eect of bleeding. To do this we adjusted the phenotypic mean liability in the numerical model such that the proportion of macropterous individuals matched that observed. This adjustment meant that presumptive macropterous individuals lying close to the threshold in the absence of bleeding moulted into micropterous adults with bleeding. The adjustment did not aect the predicted change in JHE activity. The predicted curve for Bermuda tended to overestimate the probability of becoming micropterous at low residual JHE values, whereas the predicted curve for the Florida population underestimated the probability for high residual JHE values (Fig. 3) . Nevertheless, the value of LL(4) A LL Model ( 3.658) was nonsigni®cant, indicating a statistically satisfactory ®t. Fig. 3 Logistic curves relating the probability of being micropterous to the residual JHE activity in Gryllus ®rmus. Predicted, curves predicted from the quantitative genetic model. Observed, curves obtained by logistic regression using the observed JHE residuals.
Prediction 3: whereas the mean JHE activity in the population is increased (Prediction 1), the mean JHE activity within morphs is decreased Within each environment there are four observed and predicted JHE residuals (the predicted values for the 28°C were obtained using the bleeding correction as described above). To compare observed and predicted values we computed the regression of observed on predicted value (Fig. 4) . In both environments the model correctly predicted that macropterous individuals would have higher levels of JHE activity than micropterous individuals (Fig. 4) . For the 30°C environment the correlation between observed and predicted was not signi®cant (r 0.78, P 0.22), and contrary to prediction, within each morph the Bermuda crickets had higher JHE levels than the Florida crickets, although in neither case was the dierence statistically signi®cant. The correlation between predicted and observed values was highly signi®cant in the 28°C environment (r 0.99, P 0.007), and the values fell close to the 1:1 line (Fig. 4) . Further, the direction of dierence in JHE activity within morphs between populations was as predicted.
Reversing the procedure to estimate parameter combinations
We can reverse the procedure previously followed and ask the question:`what combinations of parameter values will produce predicted values that lie within the 95% con®dence regions of the observed data?' There are six such con®dence regions: one for prediction 1, one for prediction 2 (we shall ignore the data set requiring adjustment for the eect of bleeding), and four for prediction 3 (again ignoring the case requiring adjustment for the eect of bleeding). We limited the parameter combinations to those de®ned by the con®dence limits obtained from the half-sib experiment.
From the 1000 combinations of parameter values previously described, 13 gave predictions falling within the 95% con®dence limits of the data (Table 1) . The genetic correlation ranges from 0.43 to 0.97, re¯ecting the large standard error of the estimate from the half-sib (Table 1 ). The averaged value for the genetic correlation is 0.68, which is larger than the estimate from the half-sib experiment (0.28).
Discussion
The quantitative genetic model of the inheritance of liability and JHE activity in G. ®rmus made three predictions, each prediction comprising a qualitative and quantitative component. Prediction 1 was that the JHE activity of the Bermuda population would be higher than that of the Florida population (Fig. 1) . This prediction depends only upon the heritabilities and genetic correlation being positive. As predicted, the Bermuda population did have a higher JHE activity (Fig. 2) . Using the estimated parameter values the separation between the two populations was predicted by the quantitative genetic model to be 3.5 nmols/min whereas the observed value was 7.8 nmols/min. Taking into account variation in the original parameter estimates and the observed variation, the null hypothesis of no dierence between predicted and observed could not be rejected, although the observed dierence did suggest that the estimate of the genetic correlation was probably low.
Prediction 2 was that the curve relating the probability of being micropterous to JHE activity would be shifted leftwards in the Bermuda population (Fig. 1) . This prediction was veri®ed (Fig. 3) . Additionally, the quantitative genetic predictions were not signi®cantly dierent from the maximum likelihood ®t to the observed data. Prediction 3 did depend upon parameter values and an examination of 1000 parameter combinations showed that in 84% of cases the mean JHE activity within the micropterous morph was predicted to decline whereas a decline in the macropterous morph was predicted in 64% of the combinations. There was a very good ®t between prediction and observation in one environment (28°C, Fig. 4 ) but in the other environment the results were inconclusive. Although we cannot explain the environment eect, it may be signi®cant that our predictive parameters were based on data collected at 28°C.
We estimated, using the 1000 randomly assigned combinations of parameters, which combinations of parameter values produced predictions that matched all observations. Thirteen combinations satis®ed all requirements (Table 1 ). The heritabilities were very similar to those estimated from the half-sib experiment but the required genetic correlation was larger than previously estimated. There are two lines of evidence that support the hypothesis that a genetic correlation of 0.28 is low. First, the dam estimate in the half-sib experiment was 0.90 (SE 0.20) . This could be a result of nonadditive or maternal eects, but given the large standard error of the sire estimate (0.44), the hypothesis of no such eects cannot be rejected. The con®dence region from the dam estimate (0.5±1.0) includes 11 of the 13`acceptable' combinations. The second line of evidence suggesting a relatively large genetic correlation is the highly signi®cant correlated response of JHE activity to selection on proportion of macroptery (Fairbairn & Yadlowski, 1997) .
In their analysis, Fairbairn & Yadlowski (1997) concluded from the logistic regression analysis that the changes in JHE activity were most probably brought about by a change in both the mean liability and threshold. Although the present results cannot say that this did not occur in the selected lines, under the correlated trait model it is not necessary to hypothesize that a change in the intercept and slope of the logistic regression is caused by a shift in the threshold. A change in both location and slope is predicted by the quantitative model with JHE as a trait correlated with the liability (Fig. 1) . We did not observe a signi®cant change between the Florida and Bermuda populations but Fairbairn & Yadlowski (1997) did observe such a shift in the selected populations.
Provided the heritabilities of the liability and JHE activity are positive and the genetic correlation between them is positive, we expect an increase in mean JHE activity with an increase in proportion of macroptery (eqn 2). However, changes within the morphs do depend upon the particular combination of parameter values (eqn 7). Examples of the possible changes are shown in Table 2 . Under the parameter values estimated from the half-sib experiment the mean JHE activity within each morph is lower at 95% macroptery than at 35% macroptery, the overall increase in JHE activity being primarily a consequence of the changing proportion of macropterous individuals. However, if the genetic correlation is large (r G 0.90) the mean JHE activity within morphs increases in both cases, whereas if both the genetic and phenotypic correlations are large (r G 0.90, r P 0.95) the mean JHE activity decreases within the micropterous morph but increases within the macropterous morph. Note that the mean JHE activity of the population does not depend upon the value of the phenotypic correlation, whereas the mean within morphs is, by virtue of the environmental correlation, a function of the phenotypic correlation (eqn 7). The change in JHE activity within morph also depends upon the values of the two heritabilities. For example, in the 13 parameter combinations shown in Table 1 there is always a predicted decrease in JHE activity within the micropterous morph (" x A1.3, range A0.1 to A2.6), but a predicted increase in the macropterous morph (" x 2.6, range 1.7±3.5).
To our knowledge there are two examples of the use of quantitative genetics to make quantitative predictions about the change in trait value in a natural population (Morris, 1971; Grant & Grant, 1993 3 ), but no analysis has predicted the correlated response to selection. Our results use quantitative genetic parameters estimated in the laboratory to predict successfully geographical variation among natural populations. We have used only the standard equation for correlated response to selection, modi®ed to account for a threshold trait. The approach thus has general application wherever it can be hypothesized that selection acts on one trait that is genetically correlated to another. In some cases selection could have acted on both traits, in which case it will be necessary to use the equation incorporating both direct and indirect eects (see chapter 5, Ro, 1997) . In addition to predicting changes in population mean values, the quantitative genetic model used here allows us to predict, and hence understand, complex patterns of coevolution such as the counter-intuitive decline of JHE activity within morph, that occurs in spite of an overall increase in JHE activity. This study is thus a clear example of the utility of quantitative genetics as a model of microevolutionary changes in natural populations. 
